The aim of this study was to separate isthmus-dependent atrial flutter (IDAFL) from non-isthmus-dependent atrial flutter (NIDAFL) from the electrocardiogram (ECG) based on functional differences. BACKGROUND The ECG analyses of F-wave shape suboptimally separate NIDAFL from IDAFL. The authors hypothesized that anatomic and functional differences may result in greater wavefront variability in NIDAFL than IDAFL, allowing their separation. The authors tested this hypothesis in patients undergoing ablation for atrial flutter using a novel ECG algorithm to detect subtle F-wave variability, validated by intracardiac measurements.
Classifying atrial macro-re-entry from the electrocardiogram (ECG) is central in guiding the approach to ablation yet remains suboptimal. Typical atrial flutter is defined by atrial waveforms that are inverted in the inferior ECG leads and upright in lead V 1 (1) (sub-eustachian isthmusdependent atrial flutter [IDAFL] , counterclockwise [CCW]), or "inverted" in reverse typical atrial flutter (clockwise [CW]) (2) . However, such F waves are also seen in atypical atrial macro-re-entry (non-isthmus-dependent atrial flutter [NIDAFL] ) (3, 4) , including left atrial circuits (5) . Furthermore, F waves in IDAFL may be "atypical" in patients with atrial enlargement, heart failure, factors favoring atrial fibrillation (6) , or varying bi-atrial activation (7, 8) . These observations may explain why the absence of typical F waves does not accurately separate NIDAFL from IDAFL (2) .
We hypothesized that functional differences may separate forms of stable atrial flutter. Although it is increasingly felt that IDAFL and NIDAFL lie along an organizational spectrum that interfaces with atrial fibrillation (2, 9) , this suggests either that NIDAFL is less organized than IDAFL or simply less stereotypical. However, these concepts may be interrelated. Certainly, macro-re-entry in IDAFL is stereotypical, yet it is also occupies a large portion of the right atrium and bounded significantly by anatomic obstacles so that passive activation of right and left (10) atria are also stereotypical, and cycle-to-cycle variability is limited. Conversely, the variable location of circuits in NIDAFL relative to anatomic obstacles and smaller zones of conduction block (or scar) may render passive activation more susceptible to functional block and allow greater cycle-to-cycle variability. Although reports hint at greater F-wave variability in stable NIDAFL than IDAFL (5, 11, 12) , this difference has not been quantified and is not used routinely to separate NIDAFL from IDAFL (2) .
We tested the hypothesis that subtle F-wave variability between cycles would distinguish NIDAFL from IDAFL, by developing a sensitive ECG algorithm (13) then validating our findings from detailed clinical mapping in patients undergoing ablation of atrial arrhythmias.
U N C O R R E C T E D P R O O F

METHODS
Clinical protocol. We studied 62 consecutive patients referred to the University of California (UCSD) and Veterans' Affairs Medical Centers (VAMC), San Diego for electrophysiologic study (EPS) and ablation of stable atrial macro-re-entry, defined from prior ECGs and subsequently using entrainment. This study was approved by the joint UCSD/VAMC Institutional Review Board. Patients were excluded if they were too unstable to undergo EPS or were inadequately anticoagulated, unless they lacked atrial thrombus on transesophageal echocardiography.
Patients underwent EPS in the fasting state after discontinuing anti-arrhythmic and rate control medications (Table 1) . Catheters were advanced transvenously to the His bundle position (quadrapolar) and coronary sinus (CS) (decapolar). A duodecapolar ("Halo") catheter was placed in the right atrium (RA) parallel to the tricuspid annulus (TA) with its proximal poles at the inter-atrial septum and its distal poles across the inferior vena cava (IVC)-TA isthmus. An ablation catheter (EP technologies, Sunnyvale, California) was used for mapping.
Isthmus-dependent atrial flutter was diagnosed by sequential (CCW or CW) activation around the TA, concealed entrainment at the IVC-TA isthmus, and the inability to reinduce atrial flutter after creating bidirectional block across the IVC-TA isthmus by drag-line ablation. Nonisthmus-dependent atrial flutter was diagnosed by a distinct activation pattern from IDAFL, concealed entrainment at sites of earliest atrial activation or double potentials outside the IVC-TA isthmus, and termination and the inability to reinduce after ablation at these sites. An electroanatomic mapping system (Carto, Biosense-Webster) was used in NIDAFL to help localize the critical earliest site of activation and the isthmus of macro-re-entry for ablation (16 of 23 cases). Acquisition of data. We recorded 12-lead surface ECGs (filtered at 0.05 to 100 Hz) and simultaneous bipolar intracardiac electrograms (30 to 100 Hz) of atrial flutter, digitized at 1 kHz to 16-bit resolution (Bard, Billerica, Massachusetts).
Analyses were blinded to all clinical data. Electrograms were analyzed on a personal computer using software written by the authors (S.M.N.) in Labview (National Instruments, Texas) (13) . The ECG analysis focused on leads V 5 , aVF, and V 1 , related to orthogonal leads X, Y, and Z, respectively. Intracardiac electrograms were analyzed at 200 mm/s scale. ECG temporal regularity. Analyses were blinded to clinical and EPS data. We quantified F-wave temporal and spatial variability as recently described (13) . Briefly, ECG F-waves were represented by a 120-ms sample selected to avoid isoelectric ECG segments (Fig. 1) . Each sample was cross-correlated to its ECG at successive time-points using the Pearson coefficient on M pairs of data (Akϩi, Bjϩi), where Akϩi and Bjϩi are corresponding points of the F-wave sample and native ECG:
where rj is the coefficient at the jth timepoint; j ranges from the first ECG point to
Repeating this operation for all ECG time-points results in correlation-time series (Figs. 1, 2A , and 2B, lower left panels), in which F-waves (and the sampled region) have correlation r ϭ 1, whereas non-exact matches (QRS, T-waves) give r values between Ϫ1 and ϩ1. Because the correlation approach reduces differences in signal amplitude through scaling, the use of staggered overlapping ECG samples "extracts" F-wave components that are superimposed or partially revealed during a QRS complex or T-wave.
Regularity in F-wave timing was quantified 
time series (Figs. 2A and 2B, right panels). We defined temporal (spectral) regularity as a dominant peak magnitude Ն6 dB relative to the subharmonic and harmonic either side and bandwidth Յ10 Hz. ECG temporospatial regularity. We quantified spatial phase, or the continuous atrial vector during (intracycle) and between (intercycle) successive cycles in each plane. In the XY plane, spatial phase was computed by plotting X-versus Y-axis correlations (leads V 5 versus aVF) at each time-point ( Fig. 3) , similarly for YZ (aVF/V 1 ) and XZ (V 5 /V 1 ) planes. This resulted in loops for successive cycles that represent temporospatial regularity (Fig. 3A) . Although loops may be atrial and ventricular (resulting from the slight differences in correlation plots seen in Fig. 1 ), each are independent and thus unaffected by varying atrio to ventricular conduction ratios (Fig. 4A ). When atrial wavefronts maintain spatial vectors between cycles, plots should co-vary between axes at each time-point. Successive atrial loops may thus approach (1,1), indicating that F-waves recur simultaneously in both axes (intercycle regularity) (Figs. 3A, 4A, and 4C). Furthermore, the principal axes of atrial loops may lie along X ϭ Y, indicating that atrial activity co-varies between axes throughout the cycle (intracycle regularity) (Figs. 3A, 4A, and 4C). We applied the term temporospatial coherence if the upper right turnaround point of each atrial loop passed (0.75, 0.75) in each plane (Fig. 3A only) . In 3-axes, this requires a distance from the origin R Ն ͌ (0.75 2 ϩ 0.75 2 ϩ 0.75 2 ); i.e., R Ն 1.30. For loop reproducibility, we required standard deviation (SD) of R Յ 0.15 (13) . Analyzing intra-atrial temporal and spatial regularity. We compared ECG F-wave variability to the SDs of simultaneous, precisely measured cycle lengths (CL) of 8 to10 cycles from electrograms at low lateral RA (Halo 3/ 2), septal RA (Halo 8/ 9), and proximal and distal CS. Intervals were excluded if electrograms were noisy or contaminated by ventricular activity. Similarly, we measured intra-atrial spatial variability as SDs of bi-atrial activation time differences (8 to 10 cycles), from Halo 3 (or 2) to distal CS bipolar electrograms. Statistical analyses. Continuous data are presented as mean Ϯ SD. The two-tailed t test was used to compare continuous variables between groups. The chi-square test was applied to contingency tables. A probability below 5% was considered significant.
RESULTS
We studied 39 patients with IDAFL (35 CCW, 4 CW) and 23 with NIDAFL. Prior cardiac surgery was more common in patients with NIDAFL than IDAFL (11 of 23 vs. 6 of 39; p Ͻ 0.01), but groups were otherwise similar (Table 1) . Macro-re-entry was confirmed in each case using entrainment with concealed fusion (Fig. 4B ) and successfully ablated. Atypical macro-re-entry (NIDAFL) was present at lateral RA scar (n ϭ 8; ablated at lateral RA), crista terminalis (n ϭ 4; ablated via drag lines to vena cavae), lower loop re-entry (n ϭ 2; ablated at isthmus), other RA sites (n ϭ 5), left atrium (LA; n ϭ 3; ablated at mitral isthmus and fossa ovalis), and CS (n ϭ 1). Similar spectra between IDAFL and NIDAFL. The CLs were shorter for IDAFL than NIDAFL (shortest CL 200 vs. 236 ms; mean 246.7 Ϯ3 0.8 ms vs. 291.2 Ϯ 42.2 ms, respectively; p Ͻ 0.01).
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all cases of IDAFL (Table 2) including CW-IDAFL (e.g., Fig. 4C ). Non-isthmus-dependent atrial flutter (Fig. 2B , lower panel) also showed regularity with a dominant 16.72-dB spectral peak. This case involved macro-re-entry around a right atriotomy scar that was ablated by draglesions to the superior vena cava. Similar results were seen for the population of NIDAFL (Table 2) . ECG temporospatial regularity of IDAFL versus NIDAFL. Notably, although ECG atrial loops (reflecting temporospatial regularity) were reproducible in 39 of 39 cases of IDAFL, they were reproducible in only 1 of 23 cases of NIDAFL (p Ͻ 0.01; Table 2 ), suggesting wavefront variability between cycles of NIDAFL. The ECG temporospatial coherence therefore correctly classified IDAFL and 22 of 23 cases of NIDAFL (p Ͻ 0.001) despite the fact that several cases of NIDAFL showed F waves closely resembling IDAFL (Fig. 4D-F) . Figure 3A shows loops representing atrial cycles for the case of CCW-IDAFL in Figure 2A . Loops approach (1,1) in each plane (intercycle regularity) and are reproducible with principal axes approximating a line joining (0,0) to (1,1) (intracycle regularity). For 3 axes, R ϭ 1.51 Ϯ 0.03, showing temporospatial coherence. All cases of CW-IDAFL also showed coherent loops (n ϭ 4; Fig. 4C ).
In contrast, NIDAFL exhibited greater spatial variability. In Figure 3B (same patient as Fig. 2B ), only a minority of atrial loops approach (1,1), and loops are neither reproducible nor parallel to lines of identity. For all axes, R ϭ 0.92 Ϯ 0.08 (not coherent). Lack of coherence typified patients with NIDAFL (Table 2) . Notably, even when NIDAFL had F waves that were visibly regular, or that resembled "typical" F waves using traditional criteria (2), their loops still exhibited temporospatial variability (Figs. 4D-F) . Intracardiac validation of temporal and spatial irregularity of NIDAFL versus IDAFL. Intracardiac measurements and electroanatomic maps (Fig. 4E) confirmed that NIDAFL and IDAFL were stable, regular macro-reentrant circuits. However, measurements also confirmed greater wavefront variability in NIDAFL than IDAFL T2 62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51 52 53 Figure 5A illustrates intra-atrial recordings in CCW-IDAFL (same patient as Figs. 2A and 3A) . Temporally, SD of cycles ranged from 3.32 to 4.58 ms (between RA and LA sites). Spatially, cycles had an SD of bi-atrial activation time difference of 3.32 ms. In contrast, Figure 5B shows that NIDAFL (same patient as Figs. 2B and 3B) showed greater variability in atrial timing, with SD ranging from 5.46 to 8.47 ms, and spatial variability (SD of Halo to CS bi-atrial activation time differences) of 10.15 ms.
DISCUSSION
We show that NIDAFL shows subtle cycle-to-cycle F-wave variability that is greater than IDAFL, allowing ECG separation of these rhythms even when F waves in NIDAFL appeared typical. Moreover, this phenomenon reflects corresponding differences in the variability of intracardiac timing and activation sequence between these rhythms.
Although prior studies have hinted at substantial wavefront variability in NIDAFL, the observed differences are robust enough to support the concept that IDAFL and NIDAFL lie along a spectrum of intra-atrial organization and provide a basis for future studies on the transition of atrial flutter to atrial fibrillation. Greater activation variability in NIDAFL than IDAFL. We show that temporospatial ECG detection of millisecond variability in timing separate NIDAFL from IDAFL, just as microvolt-level alternations in the ECG T-wave (14) and millisecond-level changes in signal averaged P and QRS durations (15) also provide unique clinical information.
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U N C O R R E C T E D P R O O F
timing remained "regular" by spectral analysis (Figs. 2A, 2B , and 5D to 5F). Although CL variability in NIDAFL has not previously been systematically studied, one preliminary study reported an elevated CL SD in NIDAFL (12.7 ms) versus IDAFL (5.8 ms) (12) , and others have illustrated F-wave variability (4,11) and documented substantial intra- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52 (5) in NIDAFL. Our study may underestimate the true variability in bi-atrial activation between groups, because activation of the anatomically complex LA may be less reproducible in NIDAFL than in IDAFL (8, 17) . Possible bases for cycle variability in NIDAFL. F-waves reflect global atrial activation, and fluctuations may reflect variations in passive atrial activation including those due to varying functional block. In IDAFL, lower variability could result because the circuit is bounded more consistently anatomically (and less functionally) than many cases of NIDAFL (2) . In IDAFL, macro-re-entry is constrained anteriorly by the TA (completely), posteriorly by anatomic and functional block in the crista terminalis (18) or functional block in sinus venosus-derived smooth RA (19) , inferiorly by the eustachian ridge, and inferomedially by the CS ostium. Superiorly, functional block creates consistent turnarounds either anterior (2) or posterior (7) to the vena cava. Notably, passive activation of the remaining atria may also be "stabilized" in the RA by the large relative circuit size and in the LA by consistent activation via coronary sinus musculature (CCW atrial flutter) or primarily via Bachmann's bundle (CW atrial flutter) (10) .
Theoretically, atypical macro-re-entry may sustain wherever two conducting barriers and the inability of alternative paths to short circuit the primary wavefront occur (2,11). Thus, NIDAFL circuits are located at variable and possible greater distances from anatomic obstacles than IDAFL, and their potentially small size (e.g., peri-atriotomy) may enable greater variability in passive atrial activation than in IDAFL. For example, stable (and entrainable) left atrial flutter circuits may be small and have been reported to result in right atrial cycle-to-cycle variability Ն100 ms (5) . Further studies on the sites and mechanisms of variability in IDAFL and NIDAFL are clearly required, and may help address the extent to which transitions to atrial fibrillation are determined anatomically or functionally.
Finally, it is necessary to show that our cases of NIDAFL do not represent variants of atrial fibrillation characterized 
by rapidly activating rotors (or foci) with fibrillatory conduction (18) . First, sites of earliest activation (and adjacent isthmuses of slow conduction), identified from electroanatomic mapping, showed CL that were not short and conducted 1:1 to all atrial sites (Figs. 5D to 5G) . Second, local electrograms at these sites did not show beat-to-beat changes in morphology seen in "type I" atrial fibrillation (20) . Third, cases of NIDAFL were confirmed using concealed entrainment and thus do not represent "type II" atrial flutter (2) , and their long CL (291 Ϯ 42 ms; Table 1) are consistent with NIDAFL in structural heart disease (303 Ϯ 78 ms in reference 5) rather than fibrillation. Fourth, cases were ablated successfully without atrial compartmentalization (at nonpulmonary venous sites). It is likely that future high-resolution mapping studies, in animal models and intraoperatively (18) , will help further define the interface between macro-re-entrant NIDAFL and fibrillatory conduction (2). Other explanations for greater wavefront variability in NIDAFL. Atrial wavefronts may also vary with ventricular or respiratory rates or autonomic tone. Ventricular systole modulates sinus CL through "ventriculophasic" mechanisms, but ventricular CL and A to V ratios were similar between IDAFL and NIDAFL (Table 1) , variable A to V ratios per se do not produce variable atrial loops (Fig. 4A) , and variable loops were seen in NIDAFL even when A to V ratios were fixed (Figs. D and 4F ). Although we did not record respiratory rates, breathing modulates atrial flutter CL (16) , and this requires further study. Finally, there were no differences between groups in their incidence of diabetes mellitus (with possible dysautonomia), heart failure (enhancing sympathetic tone), or use of beta-blocking medications (Table 1) . Clinical significance. The ECG temporospatial phase analysis accurately separates NIDAFL from IDAFL and may help guide management. For example, in Figures 4E  and 4F , quantitative ECG analysis correctly identified NIDAFL despite F waves resembling CCW-IDAFL. In Figure 4F , ECG analysis separated pre-and post-ablation mechanisms, guiding subsequent ablation. Furthermore, cycle-to-cycle variability of NIDAFL should be considered when interpreting post-pacing intervals during entrainment mapping and may contribute to the limitations of that technique in some studies (21) . Study limitations. We recorded cycle-to-cycle variability from a limited number of sites. Although we are currently extending our spatial resolution using noncontact mapping, artifactual variability from its smoothed endocardial geometry must be separated from actual cycle-to-cycle variations. Noise may affect ECG loops, although it is unlikely that noise would differ between groups, and our algorithm is quite resistant to noise (13) . Furthermore, catheter noise may actually have been higher in IDAFL (with faster atrial and ventricular rates; Table 1 ), whereas bi-atrial activation was measured from stable low RA and CS electrodes.
CONCLUSIONS
Greater cycle-to-cycle variation in atrial activation timing and sequence characterize NIDAFL from CW and CCW IDAFL, allowing their robust separation from the ECG with sensitive temporospatial analyses. These results have implications for interpreting entrainment mapping and for guiding ablation and, mechanistically, support the concept that IDAFL and NIDAFL lie along a spectrum of intracardiac organization . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53 U N C O R R E C T E D P R O O F 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52 
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